Abstract: AR h-catalyst system based on the asymmetric ligand t Bu 2 PCH 2 P(o-C 6 H 4 OMe) 2 is reported that allows for the hydroacylation of challenging internal alkenes with bsubstituted aldehydes.Mechanistic studies point to the stabilizing role of both excess alkene and the OMe-group.
The catalytic hydroacylation reaction between an aldehyde and an olefin (or carbonyl group such as ak etone) is an attractive atom-efficient route to ketones (or esters). [1] Preeminent are transition metal catalysts based on cationic [Rh(bidentate phosphine)]
+ although other catalyst systems are known. [2] Irreversible reductive decarbonylation that arises from ac oordinatively unsaturated acyl-hydride intermediate (Scheme 1), [3] removes catalyst from the system competitively with productive turnover,w ith the result that early studies used high catalyst loadings (5-10 mol %) and relatively activated substrates. [4] Control of decarbonylation can come from substrate chelation, such as b-substituted aldehydes or alkenes, [1a, 5] whereas the use of the hemilabile ligand bis-[2-(diphenylphosphino)phenyl]ether (DPEphos) that reversibly binds to the vacant site through aRh···O linkage (Scheme 2), affords al ong-lived catalyst, but activity is not significantly enhanced resulting in ar ather limited scope of substrates. [6] An alternative approach is to increase the rate of reductive elimination of ketone product, as tep that is often (although not exclusively [7] )t he turnover-limiting process in hydroacylation. [3a,8] Wide-bite-angle,o rs terically bulky,l igands have this effect, but also change the ratio of alkene versus aldehyde hydroacylation [9] or the linear/branched selectivity. [10] Additionally,these systems in general still require high loadings,a nd activated alkenes or terminal alkynes as substrates.S mall-bite-angle phosphine ligands,R 2 PCH 2 PR 2 (e.g.,R= t Bu, Cy), initially developed by Hofmann et al., [11] have been shown to favor the products of reductive elimination [12] and we recently demonstrated that catalyst systems exemplified by [Rh(R 2 PCH 2 PR 2 )(h
c an be used at low catalyst loadings (e.g., 0.1 mol %) to couple terminal and activated internal alkenes with b-substituted aldehydes. [13] However, challenging internal alkenes are still out of reach with this system, as decarbonylation now outruns productive turnover. Others have since used similar ligands for intermolecular hydroacylation. [5b,7c] Small-bite-angle diphosphine ligands have also been used in alkene oligomerization reactions,i nw hich reductive elimination is proposed to play ak ey role in determining selectivity. [14] Those with a" P(o-C 6 H 4 OMe) 2 "m otif are particularly active,a nd solid-state structures indicate that the OMe group can interact with the metal center,a lthough whether this leads to enhanced selectivity is yet to be delineated. [15] We thus speculated whether such am otif might offer improved catalyst turnover and/or stability for hydroacylation. We report here that systems based on asymmetric ligands such as R' = o-C 6 H 4 OMe 2d]w ere synthesized [16] from the appropriate chlorophosphine ClPR' 2 with Li[CH 2 PR 2 ]. [17] Thec orresponding precatalysts [13] Then ew catalysts were screened in the hydroacylation reaction between 2-(methylthio)benzaldehyde( 4a)a nd 1-octene or cyclohexene to give ketones 5 and 6,r espectively, using conditions of high substrate concentration reported previously [13b] (Table 1) , i.e., an aldehyde/alkene ratio of 1.5:4 (i.e., 1:2.7) and 1.3 mol %c atalyst loading. The1 -octene catalyst 3a is particularly efficient, even at 0.13 mol % (entries 1a nd 2). Replacement of the o-OMe substituent with isosteric ethyl (3b,e ntry 3), electronically equivalent pOMe (3c,e ntry 4), In all cases only linear product was observed. Although 1 operates with 1-octene comparably to 3a (entry 7) under these conditions, 3a is superior for ac hallenging internal alkene as shown when cyclohexene is used (compare entries 8 and 9).
Comparing 3a-c with 1,u sing 1-octene/4a,a ll followed af irst order profile for the production of 5 under these conditions;f or example, 3a:
. [16] 3a, 3b,a nd 1 could be recharged with 4a/1-octene twice under these conditions, for example, 3a:
À3 s À1 . 3c was inactive on recharging. Thes lower reaction on each recharge is accounted for by product inhibition, as shown by the reaction of a 5/4a/alkene mix of 1:1:2.7 which proceeds at arate similar to that measured for the reuse of 3a
Reducing the aldehyde/alkene ratio to amore equitable 1:1.5 ratio shows that catalyst 3a can still be reused to effect 100 %c onversion, whereas 3b or 1 are essentially inactive.B elow ratios of 1:1.3, catalysis did not reach completion suggesting catalyst decomposition. Va riation of the loading of catalyst 3a between 0.01m and 0.04 m, [16] showed af irst order dependence,i nc ontrast to reports in which bimetallic cooperativity is proposed. [18] Overall, these data demonstrate the positive effect that o-C 6 H 4 OMe has on the ability of the catalyst to operate,a nd be reused, at low relative alkene loadings or with an internal alkene,w hen compared to t Bu (i.e., 1). . This timescale for decarbonylation is similar to that for 1, [13b] suggesting that the OMe group does not offer strong stabilization to the acyl hydride in the absence of alkene.U se of the aldehyde 2-(diphenylphosphino)benzaldehyde (4b)l ed to am ore stable complex, [13b, 19] which did not decarbonylate,a nd formed as as ingle isomer Hydrogen atoms are not shown. [16] [d] 9 1 cyclohexene 3h 30 [d] [ 
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as sharp singlets,s hifted upfield from the free ligand, suggesting that they do not interact strongly with the metal center, as OMe signals have been shown to shift downfield on coordination. [20] Addition of the corresponding acyl chloride 4c to 3a resulted in as tructurally characterized complex [Rh(2a)(Cl)(k,s-1,2-SMe(CO)C 6 H 4 )][BAr F 4 ]( 11;F igure 1B). Although this shows ad ifferent relative orientation of ligands compared with that determined spectroscopically for 10 (and by inference 8), in which, most likely due to the pdonor chloride,the acyl group is trans to the vacant site,italso shows that the OMe group does not approach the metal center [Rh1-O2 3.682 ].
Isotope labeling experiments during catalysis using 3a/ [D]-4a/1-octene showed as mall, but significant, kinetic isotope effect (KIE) of 1.4 AE 0.1. These experiments also reveal arelative 40:60 distribution of the [D]-label between aand b-positions in the product 5.U se of 2-[D]-1-octene ( % 50 %D )g ave the same relative isotopic distribution, Scheme 5. Hydride (deuteride) insertion into 1-octene is thus fast and reversible,g iving both branched (B)a nd linear (C) intermediates.T hat no branched final product is observed suggests ah igher barrier to reductive elimination from the corresponding intermediate,a sn oted previously. [8,13b] H/D exchange was observed into free 4a during catalysis,suggesting reversible aldehyde and alkene binding.T he measured KIE is similar to other systems in which reductive elimination is proposed to be turnover-limiting, [8b, 13] rather than irreversible CÀHa ctivation (KIE % 2.5 [7c, 18] ), and is likely an equilibrium isotope effect. [21] Addition of just 1-octene to 3a results in isomerization to give amixture of internal alkenes, that are not seen during catalysis when 4a is also present.
Am echanism shown in Scheme 6i ss uggested, in which the turnover-limiting step is the reductive CÀCb ond formation to generate the product complex 12 (rapid and reversible hydride insertion, KIE of 1.4), with alkene binding preceded by oxidative addition of aldehyde.A tl ow relative [alkene] reductive decarbonylation and the formation of 9 becomes competitive.Based on the recharging experiments,binding of the product reversibly removes catalyst from the system. Consistent with this,c omplex 12 is observed as the resting state,and has been independently synthesized, by addition of 5 to 3a.
[16] Addition of 4ato 12 in the absence of alkene results in the formation of 9.
With this stable catalyst in hand, we next explored the scope of its utility in intermolecular alkene hydroacylation reactions.Inparticular, we focused on the use of disubstituted alkenes;s ubstrates that have previously proved difficult, or completely inactive in this reaction (Table 2 ). We first demonstrated that employing this new catalyst allowed reduced catalyst loadings for substrates previously reported.
[13b] Fore xample,u sing complex 1 ac atalyst loading of 5mol %a nd 80 8 8Cw ere required for the hydroacylation of methyl methacrylate with ay ield of 68 %; however, when catalyst 3a was employed, we were able to not only decrease the loading and the temperature but also significantly increase the yield (entry 1). As imilar improvement was observed in the case of N-methyl maleimide (entry 2). More importantly,c atalyst 3a allowed the use of internal alkenes that were previously only poorly reactive in this transformation. Fore xample,u sing aldehyde 4a,c ycloalkenes could be readily hydroacylated in 3h(entries 3a nd 4). Tw oe xamples of potentially isomerizable alkenes were then explored, with methylenecyclohexane and 3-methylcyclohexene both delivering the expected adducts in good yields (entries 5a nd 6). Thel atter example,a nu nsymmetrical internal alkene,a lso gave high regiocontrol (> 20:1). Cyclic enol ethers also performed with excellent efficiency and high regioselectivity when employing even lower catalyst loadings (entries 7a nd 8). Remarkably, d-glucal, containing three unprotected hydroxy groups,could also be readily incorporated to deliver a C-gylcoside-type product (entry 9). Hydroacylation of an oncyclic enol ether was also efficient and displayed the same sense of regiocontrol as the cyclic counterparts (entry 10). Hydroacylation of a,b-unsaturated esters could be achieved in an efficient, regioselective fashion, although the cinnamate example was less reactive (entries [11] [12] [13] [14] . The regiocontrol observed for the ester series of substrates is in contrast (electronically) to that observed with the enol ether substrates,and is the subject of further investigation. Finally, we established that non-aryl aldehydes could also be employed, with ad ihydropyran-derived aldehyde and two alkyl aldehydes proving to be competent substrates (entries [15] [16] [17] . This scope study clearly demonstrates the exceptional reactivity and consequent utility of catalyst 3afor the hydroacylation of both 1,1-and 1,2-disubstituted alkenes.
Labeling experiments using [D]-4a and methyl crotonate showed a95:5ratio of D-incorporation into the b/a positions, . This is consistent with as elective (in contrast to with 1-octene) but reversible insertion step.The dihydrofuran reaction represents af ormal trans H-elimination from the insertion intermediate. [22] Interestingly,w hen [D]-4a and cyclooctene were subjected to catalytic conditions,n ot urnover was detected, but selective H/D exchange at the alkene, alongside [H]-4a,w as observed. This unexpected selectivity hints at ar icher mechanistic landscape with these substrates that warrants further detailed investigation.
Taken together,t hese data suggest that 3a works well at low relative alkene concentrations,orwhen the alkene binds less strongly,asthe o-OMe groups in 3a are particularly good at promoting hydride insertion to form the branched or linear intermediates (B or C Scheme 6). Thepreceding acyl hydride (i.e., 8)isthus disfavored, and decarbonylation is attenuated. We suggest that this is primarily asteric effect, as 3c (p-OMe) does not show the same activity.T he promoting effect of oMe groups in small-bite-angle ligands has previously been noted in CO/ethene copolymerization and ethene polymerization catalysis. [23] In conclusion, we present arobust hydroacylation catalyst that allows for the coupling of challenging internal, previously unusable,f unctionalized alkenes,w ith b-substituted aldehydes.T his also allows for at horough mechanistic study and the realization of ab road alkene scope for this transformation.
Keywords: catalysis ·hydroacylation ·phosphine ·rhodium [a] Reaction conditions: Aldehyde (1.0 equiv,2.0 m), alkene (1.5 equiv), catalyst 3a,acetone, 55 8 8C, 3h. [b] Yield of isolated product.
[c] Isolated as mixture of tautomers. [16] [d] Isolated as a6:1 mixture of diastereoisomers, along with aminor product derived from methylenecyclohexane starting material contamination. [16] [e] Isolated as a4:1 mixture of diastereoisomers. 
